A phenotypic screening of 12 industrial yeast strains and the well-studied laboratory strain 19 CEN.PK113-7D at cultivation temperatures between 12 °C and 40 °C revealed significant 20 differences in maximum growth rates and temperature tolerance. Two Saccharomyces 21 cerevisiae strains, one performing best at sub-, and the other at supra-optimal temperatures, 22 plus the laboratory strain, were selected for further physiological characterization in well-23 controlled bioreactors. The strains were grown in anaerobic chemostats, at a fixed specific 24 growth rate of 0.03 h -1 and sequential batch cultures at 12, 30, and 39 °C. We observed 25 significant differences in biomass and ethanol yields on glucose, biomass protein and storage 26 carbohydrate contents, and biomass yields on ATP between strains and cultivation 27 temperatures. Increased temperature tolerance coincided with higher energetic efficiency of 28 cell growth, indicating that temperature intolerance is a result of energy wasting processes, 29 such as increased turnover of cellular components (e.g. proteins) due to temperature induced 30 damage. 31 32 33 34 35 36 37 38
whereas ADY5 grew the fastest at 12 °C, thereby confirming the results from the screening 142 experiments in microtiter plates. Compared to these strains, CEN.PK113-7D showed the 143 lowest maximum specific growth rate at all cultivation temperatures. 144 2.2.2. Further physiological characterization of the strains in anaerobic chemostat 145 cultures. 146 To identify possible underlying mechanisms for the superior growth performances of ADY5 147 and Ethanol Red at respectively sub-and-supra optimal temperatures, we compared their 148 physiology at 12 ˚C, 30 ˚C, and 39 ˚C with the well-studied laboratory strain CEN.PK113-7D 149 under well-defined conditions at a constant specific growth rate. To this end the strains were 150 grown at these three temperatures in anaerobic steady-state chemostat cultures at a dilution 151 rate of 0.03 h -1 . This dilution rate was slightly below the µ max of the selected strains as well as 152 CEN.PK113-7D at 12˚C under anaerobic conditions (Table 2 ). During all steady-states the 153 measured residual glucose concentration was below 0.50 mmol L -1 , confirming glucose 154 limited conditions. Chemostat instead of batch cultivation was chosen as this allowed to 155 dissect the temperature effects from the effects of the specific growth rate. It is well known 156 that differences in growth rate result in physiological changes in yeast, such as transcript There were also differences in the production rates of glycerol (Table 3) and acidic by-192 products (Table 4 ) between the individual strains, but there appeared to be no clear correlation 193 with the cultivation temperature. Glycerol production rates were similar for the different 194 strains and temperatures, except for CEN.PK113-7D, which had a significantly increased 195 glycerol production rate at the sub-optimal temperature, which was accompanied with an 196 increased acetate production rate. Nevertheless, all three strains produced very small amounts 197 of acids, with production rates up to 0.09 mmol·g dw -1 ·h -1 (Table S1, supplementary). for the different cultivations ( (Table 7 ). In spite of the fixed dilution rate, and thus identical specific growth rates, we 228 observed large differences between the individual strains at the different cultivation 229 temperatures. Ethanol Red cultivated at 12 ˚C produced three times more biomass per mole of while there was a significant increase for CEN.PK113-7D compared to the 12 ˚C cultivations.
242
Remarkably, the total protein contents at the supra-optimal cultivation temperature of 39 ˚C 243 were significantly lower for all strains. These results were confirmed by quantification of the 244 total cellular nitrogen contents (Table S2 , supplementary) which indeed showed the same 245 trends.
246
We observed larger differences for the cellular contents of glycogen and trehalose between 247 different strains and cultivation temperatures ( Figure 3 and Figure 4 ). For all cultivation 248 temperatures, both Ethanol Red and ADY5 had higher glycogen and trehalose accumulations 249 than CEN.PK113-7D. The accumulations of glycogen and trehalose for all three strains 250 showed opposite patterns with respect to the cultivation temperature. All three strains had 251 higher glycogen but lower trehalose accumulations at 12 ˚C, and vice versa at 39 ˚C. At 12 ˚C, 252 the trehalose contents of all three strains were extremely low (below 1 %). We observed 253 significant differences in glycogen accumulation between various strains at the sub-optimal 254 temperature, whereby ADY5 had the highest value of about 20 %. At 39 ˚C, the trehalose 255 accumulations of ADY5 and Ethanol Red were particularly high with values around 10 %.
256
The glycogen accumulations at this temperature were also significantly different between 257 strains. ADY5 had the highest value, more than 5 %, whereas CEN.PK113-7D had the lowest 258 value, below 1 %.
259

Discussion
260
In this study we found that the impact of the cultivation temperature on the growth physiology 261 of Saccharomyces yeasts is largely different between individual strains. A first growth 262 phenotypic screening of one laboratory and 12 industrial yeast strains at growth temperatures 263 ranging between 12 ˚C and 39 ˚C in microtiter plates, revealed significant differences in their 264 optimum growth temperatures and temperature tolerance. From this initial screening of the 265 strains, we selected the ones growing the fastest at sub-and supra-optimal temperatures (respectively ADY5 and Ethanol Red), plus the reference laboratory strain (CEN.PK113-7D), very similar to the estimated optimal µ max obtained from the CTMI. The estimated optimum 279 temperature of Ethanol Red from the CTMI was five degrees higher than that of the other two 280 strains, highlighting its temperature tolerance, and was close to the value reported in the 281 literature [29] . Therefore, the CTMI model was useful and reliable in our study to describe the 282 growth profile of the selected strains over the temperature range.
283
Further physiological characterization of the three strains in anaerobic glucose limited 284 chemostat cultures at a fixed dilution rate revealed very large differences in the biomass 285 yields on glucose between the different strains, but also between the different cultivation 286 temperatures for the same strain (Table 5) . Generally, lower biomass yields correlated with 287 higher ethanol and CO 2 yields, suggesting differences in energy requirements for growth and 288 maintenance for the different strains and temperatures. Also the formation of increased 289 amounts of by-products (glycerol and acids) will result in decreased biomass yields. However, 290 the total yield of by-products on glucose was very similar for all chemostat cultivations and was on average 0.100 ± 0.005 mol of carbon produced per mol of carbon consumed as 292 glucose. Notably, CEN.PK113-7D, of which the biomass yields at the different temperatures 293 were the lowest, also showed the lowest average by-product yields, indicating that by-product 294 formation was not the cause of the low biomass yields. The observed large differences in 295 biomass yields must therefore have been caused by large differences in cellular energy 296 demands, which were quantified by calculating the biomass yields on ATP (Y ATP ) ( Table 7) .
297
The Y ATP of anaerobically grown S. cerevisiae ( The biomass stocks were store aseptically at -80˚C. These frozen stocks were used to 425 inoculate the different experiments described as below.
426
The growth profile can be obtained by growing the yeast strains on a microtiter plate at obtained by triplicate measurements and was fit to two models.
Primary model 439
The maximum specific growth rates of each strain at different temperatures were obtained by Where OD 0 is the initial OD 600 and OD t is that at time t; a is the asymptotic maximum of 445 ln( 0 ); µ max is the maximum specific growth rate with a unit of h -1 , and λ is the lag phase 446 period. All the parameters of time have a unit of hour. The CTMI model was used to fit with the obtained µ max of each strain at different 449 temperatures. The CTMI has the following expression;
Where T max is the temperature above which no growth occurs, T min is the temperature below 451 which no growth is observed, and T opt is the temperature at which μ max is equal to μ opt . Both 452 the primary and secondary models were fitted by minimizing the residual sum of squares 453 (RRS) with respect to the experimental data.
Fermentation set-up 455
All pre-cultures were grown aerobically at 220 rpm and at 30°C in the sterilized medium 456 containing 5 g·L -1 (NH 4 ) 2 SO 4 , 3 g·L -1 KH 2 PO 4 , 0.5 g·L -1 MgSO 4 ·7H 2 O, 22 g·L -1 457 C 6 H 12 O 6 ·H 2 O, 1.0 mL·L -1 of trace element solution, and 1.0 mL·L -1 vitamin solution [50] .
458
The sterilization of the medium was performed using a 0.2 µm Sartopore 2 filter unit 459 (Sartorius Stedim, Goettingen, Germany).
460
The reactor vessels were equipped with norprene tubing, to minimize the diffusion of oxygen 461 into the vessels and were sterilized by autoclaving at 121°C. Ding, J., Huang, X., Zhang, L., Zhao, N., Yang, D., and Zhang, K. (2009) Table S1 Average acetic acid concentrations (mmol·L -1 ) in the extracellular broth during steady-state of chemostat cultivation of the three strains at 12 °C, 30 °C, and 39 °C. Standard errors were obtained from four measurements at different time points during the steady-states.
12°C 30°C 39°C ADY5
0.00 ± 0.00 0.00 ± 0.00 1.06 ± 0.10 CEN.PK113-7D
2.84 ± 0.10 0.52 ± 0.04 0.54 ± 0.09 Ethanol Red 1.16 ± 0.03 0.67 ± 0.12 1.19 ± 0.03 Table S2 Average cellular nitrogen contents (g total N·g DW -1 ) of the three strains during anaerobic steady state chemostat cultivation at 12 °C, 30 °C, and 39 °C. Standard errors were obtained from four measurements at different time points during the steady-states.
12°C
30°C 39°C ADY5
0.060 ± 0.004 0.046 ± 0.004 0.044 ± 0.002 CEN.PK113-7D 0.054 ± 0.003 0.051 ± 0.002 0.044 ± 0.003 Ethanol Red 0.061 ± 0.005 0.067 ± 0.001 0.046 ± 0.001 
